Abstract. In this study, the blasting effect on concrete is numerically simulated by the 2-D multi-material Eulerian method. Through operator splitting of the governing equations into Lagrangian and Eulerian steps, the Eulerian method is discussed in detail. For the material interface and transport of the mixed Eulerian cells, a modified Young's interface reconstruction algorithm is proposed. The simulation results agree with the experimental data, indicating that the model and algorithm presented in this paper are valid and the numerical method can be used for engineering design.
Introduction
Concrete as an important engineering material is broadly used in many military structures, such as airport runways and underground fortifications. Therefore, the study of the destruction of the concrete structures under blasting loading is important. With the rapid development of computer techniques and numerical methods, numerical simulation is now widely used in the study of this type of projects in addition to theoretical researches and experimental investigations. In this paper, explosion simulations by the 2-D multi-material Eulerian method are studied. The numerical algorithms and solving procedures are discussed in detail. The explosion in the concrete is numerically simulated by the Eulerian method and compared with experimental data. This work enhances our understanding of the mechanisms of the blasting effect on concrete.
Governing Equations
In order to simplify the computational model, some basic assumptions are made. These assumptions are continuum of material, local thermodynamic equilibrium, uniform and isotropic material, ideal plasticity, and small deformation.
Conservation Equations
Governing equations of hydrodynamic model consist of mass conservation, momentum conservation, and energy conservation, which are 
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:
where t is time, u is the velocity, σ is the Cauchy stress tensor, ε is the strain rate tensor, ρ is the density, and e is the specific internal energy.
Constitutive Relation
Within the range of elasticity, deviatoric stresses are defined by the general Hooke principle ( )
where, the strain rate tensor and spin rate tensor are
Numerical Methods
In the Eulerian frame, the computational domain is discretized to some rectangular cells. All the physical quantities, such as pressure, density, specific internal energy, velocity, deviatoric stress, and others, are defined at the center of each cell. The artificial viscosity is defined at the midpoint of the cell boundary. The governing equations have the general form t ∂φ φ ∂ + ⋅∇ = u H
where φ represents ρ , , and ; u e H is the source term.
In this study, the operator split method is adopted. Eq.(7) can be splitting to the following two equations
where Eq.(8) is referred to as the 'Lagrangian' phase and Eq.(9) is the 'Eulerian' phase. In Lagrangian phase, the mesh is allowed to distort with the material, and the changes in velocity and internal energy due to the pressure and deviatoric stress terms are calculated. In the second Eulerian phase or remap phase, transport of mass, internal energy and momentum across cell boundaries are computed. This may be treated as the remapping the displaced mesh at the end of phase 1 back to the spatially-fixed Eulerian frame. 
Multi-Material Interface Reconstruction Algorithm
In the Eulerian method, because the materials flow across the fixed Eulerian cells, it must occur mixed cells with two or three materials. For the mixed cell with two materials, the well-known Young's interface reconstruction algorithm is adopted, which uses a straight line to represent the interface. The slope of the line is determined by the material distribution in the surrounding eight cells, and the position of the line is determined by the portion of volume in the cell. Youngs' algorithm only determines the location of material interfaces in mixed cells. It does not take into account the sequence of transported materials, which has to be addressed in the Eulerian method. Here we propose a criterion to determine the transportation sequence [2] .
In this criterion, the material occupation numbers for material k in the cells to the left and right of the current cell, IL k and IR k , are assigned to 0 if material k is absent and 1 if it is present, respectively. Then the volume fractions of material k in the cells to the left and right of the current cell, VL k and VR k , are calculated, where 0≤ VL k ≤1 and 0≤ VR k ≤1. Based on the values of IL k , IR k , VL k and VR k , the variables L k and R k are calculated by
For all the possible combinations of L k and R k , the distribution of material k can be categorized into five configurations as shown in Table. 1.
Table 1． Configuration of materials
0 0 e When the configuration of a specific material is known, its transportation priority can be determined based on the continuous principle. The transportation priority is a>b>c>d>e. For example, if species A belongs to the configuration b whereas species B belongs to the configuration c, the transport of species A is preferentially considered than species B.
For the mixed cell with three materials, they can be arranged according to the volume ratio first. Then the material with the minimum volume ratio is deleted. The mass, momentum, and energy are added to the material with the maximum volume ratio. Thus the question is reduced to a mixed cell with two materials, and it can be treated by the improved Youngs' interface reconstruction algorithm described above.
Numerical Simulation of Blasting Effect on Concrete

The Computational Model
The physical model of the explosion field is shown in Fig.2 . In the simulation, the explosive field is reduced to axial symmetry. The left boundary is axial symmetry boundary, while the rest are nonreflecting boundaries. The size of the computational region is as follows: L=60cm, H 1 =60cm, and H 2 =160cm. The charge is TNT, with the mass, size and height as shown in Table 2 [3]. For concrete, the HJC constitutive model [4] is adopted. The normalized equivalent stress is defined as ( ) ( )
where D is the damage ( 0 1); The damage D is defined as
where ( ) f P is the plastic strain to fracture under a constant pressure, P. The specific expression is
where is the normalized maximum tensile hydrostatic pressure, and ;
ε is the equivalent plastic strain rate, which is
The hydrostatic pressure-volume relationship is shown in Eq.18, which is separated into three response regions.
( ) The material constants for concrete can be seen in Ref. [4] .
Analysis of Numerical Results
The images of the explosion process in concrete are shown in Fig.3 with the visualization software VISC2D [5] . When the charge explodes, the concrete moves up under the propellant effect of the detonation products until the formation of a funnel-shaped crater.
(a) t=283.64μs Table 4 shows the comparison between numerical results and experimental data. In which, R is the radius of damage area, and H is the height of the funnel-shaped crater. It can be seen from this Table  that the numerical results of R and H agree with the experimental ones, and R are smaller than the experimental data, while H is greater than experimental results. In the experiment, with the expansion of explosion cavity, cracks appear in the concrete medium, which does not occur in the simulation process. The main reason is likely that the elastic-plastic hydrodynamic model is used in the Eulerian method in this study. This problem will be further investigated in the future work.
Conclusions
A 2-D multi-material Eulerian method for elastic-plastic hydrodynamic problems and especially for explosion problems is studied. The blasting effect on concrete is numerically simulated by this Eulerian method. Our simulation results agree with the experimental data, indicating that the model and algorithm presented in this paper are valid and the numerical method can be used for engineering design. 
